Mesophyil cells were isolted from primary leaves of 5-to 21-day Phaseolus vulgaris plants. The rate of photosynthesis and respiration, and RNA, protein, and lipid synthesis was determined for these cels. Appropriate 14C substrates and product purification procedures were used for each process prior to liquid scintillation counting. The size of the leaves increased about 5-fold between days 5 and 11, and then remained relatively constant. The greatest increase in size occurred between days 5 and 6. The age of the leaf from which the cells were isolated had a pronounced effect on the rate of anl of these processes. The largest chages occurred during the period of leaf expansion (days 5-11).
During the past several years, techniques have been developed for the isolation of separated mesophyll cells from higher plants (7, 10, 12, 20, 21) . Isolation of metabolically active cells constitutes a useful experimental system for biochemical studies of cellular processes in plants. This technique is also useful in helping to bridge the gap between those results obtained with isolated enzyme systems and excised tissue or intact plant systems. It has been shown that these cells are capable of performing metabolic processes like photosynthesis (1, 10) , respiration (1) , RNA and protein synthesis (1, 7) , and lipid synthesis (1) .
Changes in the level of metabolic activity of leaves during their development, maturation, and senescence have been observed. These include changes in Chl content (2, 19) , protein content (8) , photosynthesis (2-6, 14, 18) , respiration (5), RNA synthesis (16) , and protein synthesis (6) . These studies have been conducted on intact leaves; however, similar studies on isolated single cells have not been performed. During recent investigations on the mechanism of herbicide action using isolated leaf cells (1), we found that age of the leaf from which the cells were isolated had considerable influence on the reaction rate of several processes. These observations prompted this systematic investigation on the relation of leaf age to the rate of photosynthesis, respiration, RNA synthesis, protein synthesis, and lipid synthesis in isolated leaf cells. Primary leaves were excised 4 to 5 hr after initiation of the light period at 5, 6, 7, 9, 11, 13, 15, 17, and 21 days. Four of these leaves were used to determine the stage of leaf growth at the various harvest times and the remainder used for the cell isolation and subsequent biochemical assays. The stage of leaf growth. was determined by measuring their length, width, and area, as well as fresh and dry weight.
The leaves for cell isolation were rinsed in distilled H20, blotted dry, deveined, and cut into pieces (2 x 2 mm). Two g of tissue were then vacuum-infiltrated with 20 ml maceration medium for three 2-min periods. The maceration medium consisted of 0.7 M sorbitol containing 0.3% potassium dextran sulfate and 0.5% Macerase/TM (Calbiochem) adjusted to pH 5.8 with 0.1 N HCI prior to use. The leaf tissue was filtered through a 230-,Am nylon net, transferred to 20 ml maceration medium, and slowly stirred on a magnetic stirrer for 10 min. The solution was again filtered and the tissue on the net rinsed three times with 10 ml maceration medium. The filtered solution was discarded and the tissue stirred for another 45 min in 20 ml maceration medium. The cells released during this period were filtered and the tissue washed with 20 ml maceration medium. The released cells were centrifuged for 2 min at 60g at room temperature. The supernatant fraction was removed by suction and the cells washed in 50 ml wash medium by centrifuging for 2 min at 60g at room temperature. The wash medium contained 0.65 M sorbitol, 1 mM KNO3, 0.2 mm K-phosphate, 0.1 mM MgSO4, 1 mm CaC12, 1 .LM KI, and 0.01 i.M CuSO4 adjusted to pH 5.8 with 0.1 M KOH. The wash medium was removed by suction and the cells made up to a desired volume with incubation medium. The incubation medium contained 0.625 M sorbitol, the inorganic salts of the wash medium, 50 mm MES, and adjusted to pH 5.8 with KOH. The cell preparation used for the assays contained 0.06 to 0.08 mg of Chl/ml or 0.15 to 0.20 mg of Chl/assay, 2.5 ml of the cell preparation in a 25-ml Erlenmeyer flask. Each flask also contained 0.1 ml of the radioactive substrate making a final volume of 2.6 ml. This' method of cell isolation was a modification of previously described methods (7, 10, 17) and identical to that previously used (1).
The assay methods for the processes studied were also essentially the same as previously described (1) . After the appropriate radioactive substrate was added to the cell preparation, the flasks were stopped and placed in a 25 C shaking water bath illuminated from above with fluorescent lamps with an intensity of 4,300 lux at the level of the flasks. Samples were removed after a 2-hr incubation period and treated as described below for each of the processes studied prior to liquid scintillation counting. Photosynthesis was assayed by incubating the cells with 5 ,uCi of NaH'4C03 containing 6 mm NaH12CO3. After the incubation period, a 100-,ul sample was removed and placed on a 2.3-cm Whatmann 3MM filter paper disc. The discs were acidified twice with formic acid, dried under a hair dryer, placed in counting vials, and scintillation fluid added. Respiration was measured by absorbing the "4CO2 released from 5 ,uCi D-[UL-14C]glucose on paper discs treated with Hyamine-lOX. The flasks were covered with aluminum foil to obtain dark conditions. After the incubation period, the paper discs were placed in counting vials and scintillation fluid added. RNA synthesis was determined by measuring the incorporation of 5 uCi of [2- '4C]uracil into RNA. After the incubation period, a 500-,ul sample was placed in 1.9 ml of ice-cold 12% trichloroacetic acid solution containing 30 mm uracil and left overnight at 4 C. The RNA precipitate was then collected by filtering through a 2.1-cm glass fiber filter disc, washed three times with ice-cold 10% trichloroacetic acid three times with 80% ethanol, once with acetone, and twice with ether. The disc was then placed in a counting vial, dried in an oven, and scintillation fluid added. Protein synthesis was determined by measuring the incorporation of 1 ,uCi of L-[UL-14C]leucine into protein. After the incubation period, the same isolation procedure was used as described above for RNA except that the 1.9 ml of ice-cold 12% trichloroacetic acid contained 50 mM L-leucine rather than uracil. Lipid synthesis was determined by measuring the incorporation of 1 ,uCi of [1,2-14C]sodium acetate into lipids. After the incubation period, a 500-Al sample was placed in a 12-ml conical centrifuge tube containing 2 ml of a solution of 0.35 M H2S04 and 0.05 M CH3COOH. After at least a 15-min equilibrium period, the sample was centrifuged for 10 min at 160g. The supernatant solution and 4 ml CHCl3-methanol (2:1) were added and mixed; the tubes were stoppered and left overnight at room temperature. Two ml of H20 were added and the mixture centrifuged for 5 min at 160g. The top layer was carefully removed with a disposable Pasteur pipette and discarded. This procedure was repeated three times. The chloroform solution was filtered through glass fiber filter discs into counting vials and the discs were washed twice with CHCl3-methanol (2:1). The filtered solution was dried under a current of air and scintillation fluid was added to the vials.
Radioactivity was determined by adding 10 ml of scintillation fluid consisting of 0.4% PPO and 0.01% POPOP in toluene to samples and counting them in a liquid scintillation spectrometer. Chl content was determined by adding 1 ml of the cell preparation from each batch to 4 ml of acetone, mixing, centrifuging, and measuring the optical density of the supernatant solution (22) . Protein content was determined by adding 2 ml of the cell preparation to 2 ml of cold 20% trichloroacetic acid. After 1 hr at 4 C, the precipitate was collected by centrifugation and sequentially washed with cold 10% trichloroacetic acid and acetone by centrifugation. The protein precipitate was dissolved in 0.1 N NaOH and analyzed by the Lowry et al. method (15) The methods used in this paper were originally developed to have a relatively simple and rapid means of determining the effect of herbicides on these five major areas of plant metabolism (1). They allow simultaneous concentration time course studies on several processes using a single batch of cells. They allow the rapid establishment of known concentrations of substances at the cellular level. Furthermore, they facilitate taking uniform samples by pipette and adding or removing metabolites and/or inhibitors including herbicides. Thus, one can treat higher plant cells in much the same manner that previously has been possible with only microorganisms, unicellular algae, subcellular organelles, or homogenates.
RESULTS AND DISCUSSION
The cotyledons emerged from the vermiculite in 3 days, and at 5 days the blade of the primary leaves was about 8.4 cm2 (Table  I ). The primary leaves continued to enlarge until a maximum size of about 45.7 cm2 was obtained at 11 days. The greatest relative and absolute increase in size occurred between days 5 and 6. All other growth measurements (length, width, fresh weight, dry weight) confirmed this growth pattern (Table I ).
The effect of leaf age on the rate of the five processes studied in isolated leaf cells from P. vulgaris is presented in Figure 1 . The data are presented as cpm/mg Chl. Although the actual amounts of Chl and protein present in a given isolated cell preparation were quantitatively different, the ratio of this difference remained relatively constant throughout the study. Therefore, the general shape of the curves in Figure 1 would have been similar if the data had been calculated on a cpm/mg protein basis.
The rate of photosynthesis of the isolated cells increased rapidly between days 5 and 9, remained relatively constant from day 9 to 15, and then declined through day 21 (Fig. 1) . Investigators have reported that photosynthesis is slow in young leaves (2, 4-6, 13, 18) , increases to a maximum about the time that leaf enlargement ceases (2, 4-6, 13, 18) , retains this maximal rate for a period of time (4-6), and then declines (5, 6, 13, 18) . Measurement of Hill reaction activity of isolated chloroplasts from leaves of various ages has given similar results (3, 4) . Our results show that the rates of photosynthesis of isolated cells undergo changes similar to those which have been reported for intact leaves and chloroplasts during leaf development and senescence.
The respiration rate of the isolated cells was maximal at the initial sampling time at day 5 and decreased rapidly until day 9 ( Fig. 1) . Thereafter, it remained relatively constant throughout the experiment. The average respiration rate between days 9 and 21 was about 14% of the rate at day 5. Respiration rates of leaves have been reported to be high in young newly formed leaves but declined rapidly as the leaves matured, and the rate remained low as the leaves aged (5, 9, 11, 13). It seems that pattern of respiration changes in leaves during development, maturation, and aging is similar in intact leaves and isolated cells.
The rates of RNA and protein synthesis in isolated cells were relatively low level of day 5, increased very rapidly to a maximum on day 6, but by day 7 a substantial reduction had already occurred (Fig. 1) . They continued to decline for several days, leveled off about day 13, and continued at this low level throughout the remainder of the experiment. The synthesis of rRNA and fraction I protein in leaf sections of wheat (Triticum aestivum L.) from 3 to 10 days after germination has been studied by Patterson and Smillie (16) . They showed that chloroplastic rRNA synthesis was low at day 3, increased somewhat at day 4, increased rapidly at day 5, remained constant from day 5 (Fig. 1) . It increased from a moderate level at day 5 to a maximum value at day 7 and then decreased to about the initial rate of day 9. It remained relatively stable during the next few days but showed a general decline during the latter half of the experiment.
The age of the leaf from which the cells were isolated had a pronounced effect on the rate of each of the five processes studied. The largest changes occurred during the period of rapid leaf expansion. During this period the rates of RNA synthesis, protein synthesis, and lipid synthesis increased rapidly. Each of these three processes retained its maximum rate for only 1 day; RNA and protein synthesis rates peaked on day 6 and lipid synthesis peaked on day 7. The rate of photosynthesis also increased rapidly during the period of rapid leaf expansion; however, it did not reach a maximum rate until day 9. In contrast to the other four processes, the rate of respiration did not increase as the leaf expanded but rather decreased. In selecting material for metabolic studies, it is frequently desirable and often essential to have material that is carrying out the reaction at a maximum rate. This was certainly true for our studies with herbicides (1) in which we wished to be able to detect small changes induced by the herbicides in order to determine their primary site of action. The present study has shown that in order to obtain maximum rates of biochemical reactions in cells isolated from leaves, the age of the leaf that the cells are isolated from is critical. Since the time course patterns of these biochemical processes using the isolated cells were similar to those which have been reported for intact leaves, isolation does not appear to modify the cells metabolic capacity.
